Introduction
It is clear that harnessing a small fraction of the solar energy arriving at the Earth's surface could make a major contribution to providing the world's energy needs from renewable sources. Photovoltaic devices are one candidate technology to achieve this, but major obstacles remain. Although the cost of conventional silicon solar cells continues to fall as manufacturing volumes increase, it is not obvious how long this will continue, and fundamentally lower cost technologies may still compete with silicon in the long term. An important way to achieve low cost is to move towards thin-film technologies where films of hundreds of nanometres rather than hundreds of micrometres are sufficient to absorb the incident light. Of these thinfilm technologies, solar cells based on organic materials that can be deposited by printing over large areas without the need for high-temperature process steps are particularly attractive.
The cost of solar electricity is strongly influenced by the cost of the cell per unit area, by the device efficiency, by the balance of systems and installation costs, and by the system lifetime. Manufacturing cost per unit area shows significant potential for reduction, whereas efficiencies are constrained by physical limits. At least for single-junction silicon cells, only relatively small, incremental increases in efficiency towards these limits are now expected. Lifetimes in excess of 20 established for silicon cells, and this sets the standard that competing technologies must live up to if they are to be employed economically in large-area solar farming applications.
Assuming that electricity from photovoltaics becomes truly cost-competitive with electricity from fossil fuel sources (and with other renewable sources), the issue of scale will become important. For example, using the approach adopted by Mackay [1] , one can estimate the area of photovoltaics that would need to be installed in the North African desert to supply the entire primary energy demand of Europe and northern Africa. Assuming that the solar cells produce an average power of 40 W m −2 , the area required is 365 km × 365 km. Whatever solar cell technology is to be produced on this scale must be free of scarce chemical elements. Furthermore, in order to produce this area of solar cell on a time scale short enough to be relevant to limiting global warming, solar cell production would need to be scaled up by close to two orders of magnitude from current levels. These factors motivate the development of printing-based solar cell production, which is highly scaleable to produce large volumes.
Despite these global ambitions, organic solar cells are still some way behind the competing technologies in terms of efficiencies and proven lifetimes. Since large-scale production is not yet taking place, reductions in materials prices from current levels are needed to make production economical. This includes not just the active organic semiconductor materials, but also the substrate, electrode and encapsulant materials. Nevertheless, there are other, small-scale applications where printed organic solar cells may find a market on shorter time scales. One of these is for off-grid applications in the developing world; for example, solar lanterns and mobile telephone chargers for the large populations without access to mains electricity. Here, low capital cost is a major benefit, the advantages of flexibility and ruggedness are particularly important, device area is relatively unconstrained (allowing the use of less efficient cells) and product lifetime is already limited by the other components of the system, notably the battery, such that lifetimes of years rather than tens of years may be acceptable. Innovative business models are being developed to enable 'pay-as-you-go' solar lanterns, to remove the need for an up-front capital purchase [2] .
Progress and efficiency limits in bulk heterojunction photovoltaics
Absorption of light in a molecular or polymer semiconductor leads to generation of a tightly bound electron-hole pair known as an exciton. Owing to the low dielectric constant, the Coulomb binding energy of such an exciton is much larger than the thermal energy, so, unlike in silicon, further steps are necessary to generate free carriers following photoexcitation. The exciton must diffuse to the interface with a second material (figure 1), where it is energetically favourable for it to undergo charge transfer to form a state where the hole is localized on the donor material and the electron on the acceptor material. Since the electron and hole are more separated in space, this charge-transfer state is less susceptible to recombination than the original exciton. Although the electron and hole are on neighbouring molecules, they are still close enough that their Coulombic binding energy is significant, so further separation is required before they become free carriers that can provide a photocurrent. The diffusion range for excitons in conjugated polymers is typically only a few nanometres, but a photovoltaic device must be at least 100 nm thick to absorb most of the incident light, so a single planar interface would not capture most of the photogenerated excitons. To overcome this problem, a 'bulk heterojunction' structure is typically used (figure 2) [3] [4] [5] , where the donor and acceptor materials are mixed on a length scale comparable to the exciton diffusion range, thus allowing efficient harvesting of excitons. The electrons and holes must then be extracted from the device through transport on the acceptor and donor components of the blend, respectively, and this demands a nanostructure with sufficient connected pathways to allow rapid extraction of carriers before recombination can occur. Imaging and control of nanostructure in bulk heterojunctions are described in § §3 and 4, respectively. Figure 1 . Schematic of the photocurrent generation mechanism in organic photovoltaic devices. A photon of energy hν excites the electron donor phase creating an exciton (step 1). The exciton then diffuses (step 2) to a donor/acceptor interface where it dissociates into a bound electron-hole pair.
Step 3 represents the separation of electron-hole pairs bound at the interface by their mutual Coulomb attraction. The efficiency of this process depends on temperature, electric field and the initial pair separation.
Step 4 represents the bulk transport of free charges to the electrodes for collection. Various material systems have been used to form bulk heterojunction photovoltaics. Conjugated polymers are widely used as the donor material, and fullerenes [3] , other conjugated polymers [4, 5] and solution-processible inorganic nanoparticles [6] have all been investigated as electron acceptors. Fullerene derivatives have attracted the most attention as acceptors, and impressive improvements have been made in the efficiency of devices based on polymer:fullerene blends. This progress has been achieved through careful control of processing conditions to achieve desirable morphologies [7, 8] , and through tuning of donor and acceptor energy levels to extend the absorption spectrum to lower energies while minimizing unnecessary voltage losses in the device [9, 10] . The most recent advances in efficiency have been reported by commercial organizations; for example, the certified power conversion efficiency of 9.1 per cent reported by Polyera. Operating lifetime is always a concern for devices based on organic materials, and current materials require encapsulation to protect them from the ingress of oxygen and water vapour. Studies of device lifetime are therefore best performed on realistic modules produced in an industrially relevant environment, and the full data from these studies are often not publicly available. Encouraging data for devices encapsulated in glass have been published by Peters et al. [11] . They observed a rapid initial decay (burn-in) to approximately 80 per cent of the starting efficiency, followed by a much slower decay giving an extrapolated lifetime of more than 10 000 h to 80 per cent of the efficiency after burn-in. Ultraviolet radiation is known to be particularly damaging to polymers since it can result in bond scission, but in realistic modules UV radiation is likely to be filtered out before it can reach the active materials. More work is needed in this area to understand degradation processes, to develop improved materials sets and to implement encapsulation strategies that are both cheap and compatible with roll-to-roll manufacture.
As mentioned above, although they currently provide the best performance, fullerenes are not the only acceptors that can be used in bulk heterojunctions. Conjugated polymers as acceptors have the advantage that they can be strongly absorbing, allowing the use of thinner devices. Furthermore, the phase separation that naturally occurs in polymer blends can be used to obtain desirable nanostructures for device operation [12] . However, the best efficiencies achieved so far have been in the 1-2% range [13] . This may be partly the result of unoptimized nanostructure, but it also appears that they are particularly susceptible to the formation of tightly bound chargetransfer states following exciton dissociation [14, 15] . Owing to the difficulty of further separation of these states, it can be difficult to avoid recombination occurring at the interface.
Semiconductor nanoparticles as acceptors have a number of potential advantages. Their bandgap and electron affinity can be tuned through control of the particle size, and their higher dielectric constant compared with organics should avoid the formation of tightly bound interfacial charge-transfer states. The ability to pre-form acceptor particles with well-defined shape and controlled nanometre-scale dimensions before mixing with the donor polymer allows control over nanomorphology, with the aim of improving the rate of electron transport out of the device and thus avoiding recombination, particularly by preventing electrons from becoming trapped at 'dead-ends' in the network of electron-accepting material. This has been achieved by changing the shape of the particles, progressing from spherical nanoparticles [6] to nanorods [16] to more complex branched particles [17, 18] . Spherical particles form complicated networks where many inter-particle hops are required to transport an electron out of the device. Nanorods allow charge transport over longer distances without hopping between particles, but, as we show in §3, they tend to lie parallel to the plane of the film, which is not the direction in which electron transport is required. 'Tetrapod'-shaped particles, with four legs extending tetrahedrally from a central core, avoid this problem, and have allowed efficiencies to be improved to above 3 per cent [19] . The use of hybrid systems brings its own difficulties, though; for example, the nanoparticle surfaces can provide defect states that act as traps and promote recombination. In addition, high loadings of nanoparticles are required, and because of the difficulty of finding a suitable solvent for both polymer and nanoparticles it is often hard to control the aggregation of nanoparticles within the film. While organic ligands on the particle surface can be used to improve solubility, long ligands impede the charge transfer process [20] , and hence cannot be used. Whatever the details of the donor and acceptor materials used, it is important to understand the general factors that control efficiency in organic photovoltaics. The efficiencies that can be achieved in all standard single-junction photovoltaics are constrained by the Shockley-Queisser limit [21] . This limit is dominated by the trade-off between voltage and current losses. For a given semiconductor bandgap, photons below the bandgap are not absorbed, whereas photons with energy above the bandgap create carriers that rapidly relax to the band edges, thus only the bandgap energy can be extracted. The bandgap must therefore be chosen to optimize the competition between these two factors, and efficiencies are limited to approximately 34 per cent. The situation becomes worse in donor-acceptor organic cells, since the voltage in these cells is limited not by the bandgap of the individual components but rather by the energy of the chargetransfer state formed at the heterojunction. This in turn is limited by the energy offset between the highest occupied molecular orbital of the donor and the lowest unoccupied molecular orbital of the acceptor. The missing voltage corresponds to the energy required to drive the charge transfer reaction from exciton to charge-transfer state. The amount of energy required for this process is still under debate [22] , but clearly it should be made as small as possible without losing excited states to recombination. Assuming an offset of 0.3 eV between the lowest unoccupied molecular orbitals of donor and acceptor, together with other empirically determined voltage losses within the device, Scharber et al. [23] estimate that organic photovoltaic efficiencies of just over 10 per cent can be obtained, close to the efficiencies that are now being achieved in organic cells. Lower offsets, and hence even higher efficiencies, might be possible provided that the charge-transfer state can be very rapidly dissociated so that repopulation of the initial excitonic state cannot occur. Other strategies to overcome these limits would be highly beneficial, and in §5 a route will be discussed that may allow the Shockley-Queisser limit to be exceeded using the process of singlet exciton fission in organic semiconductors.
The sections that follow give a brief review of some recent work in three areas relevant to the issues identified above. For more detail, and in particular for full references to background and related work, the reader is referred to the original papers describing the work [24] [25] [26] .
Imaging nanostructure in bulk heterojunctions
The nanoscale morphology of bulk heterojunctions is crucial for achieving efficient exciton dissociation, charge separation and charge transport without recombination, and to optimize morphologies it is necessary to image the nanostructure. Some techniques (e.g. scanning probe microscopy) provide surface information, while other techniques such as conventional transmission electron microscopy (TEM) provide compositional information that is averaged through the depth of the film. Hence, it is highly challenging to obtain full three-dimensional structural information.
One technique that has the potential to provide three-dimensional imaging with sufficient spatial resolution is electron tomography. In this technique, TEM images are taken at a series of different angles between the electron beam and the plane of the film, and are used to reconstruct a three-dimensional model of the sample structure. For polymer:fullerene and other organic blends it is generally difficult to achieve good contrast in TEM between the different components. Defocusing is typically used to enhance contrast in bright-field TEM imaging, and great care must be taken to distinguish between genuine features and artefacts due to the defocus. Despite these difficulties, beautiful three-dimensional images have been obtained of polymer:fullerene and polymer:ZnO films [27] [28] [29] .
We have recently applied TEM tomography to study the arrangement of nanoparticles within polymer:nanoparticle photovoltaic blends [24] . The imaging mode applied is high-angle annular dark-field scanning TEM. This technique is particularly appropriate for polymer:nanoparticle blends since high-angle scattering is sensitive to the large atomic number difference that is present, while the imaging is always carried out in focus. The technique has been used to analyse the structures that form in blends of spherical nanoparticles with conjugated polymers, where dead-ends in the network present opportunities for recombination that can lower device Figure 3 . Electron tomography image of CdSe nanorods (diameter 7 nm, length approx. 35 nm) in a film of OC 1 C 10 -PPV (weight ratio, 6 : 1). Adapted from Hindson et al. [24] . (Online version in colour.) efficiency. A particular interest is in assessing the alignment and connectivity of devices where nanorods are used instead of spherical particles to improve efficiency by reducing the number of inter-particle hops required to extract electrons. Figure 3 shows a three-dimensional image of CdSe nanorods in a film of the conjugated polymer OC 1 C 10 -PPV, where a threshold has been applied in the raw grey-scale image to distinguish between CdSe and polymer. Individual rods can be clearly identified, and it can be seen that the rods are, as might be expected, preferentially aligned within the plane of the film (82% are less than 10 • from parallel to the plane). Nevertheless, the connectivity of electron transport paths is good, with more than 90 per cent of the rods having a pathway for electron transport to the electrodes. This type of structural information will be useful in future microscopic simulations of charge separation and transport in bulk heterojunction photovoltaics.
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Controlling nanostructure using diblock copolymers
The structure of bulk heterojunction films is typically determined by the kinetics of their deposition. Most polymer blends have a tendency to phase separate, but rapid removal of the processing solvent can 'freeze in' a finely intermixed structure, whereas slower processing or subsequent annealing allows larger scale nanostructures to form. While this provides some useful flexibility to tune the nanostructure for optimum device performance, there would be many advantages in having a nanostructure that is determined by the equilibrium thermodynamics of the materials involved, so that the eventual nanostructure is less dependent on the processing route. This type of nanostructure may be formed by diblock copolymers, in which two polymers are linked covalently so that phase separation is constrained. It is well established from the studies of diblocks of insulating polymers that this allows a wide range of well-defined nanostructures to be obtained, with the size of the nanostructure determined by the length of the two blocks [30] . Some of the structures that can be obtained, including gyroid and lamellar structures, are potentially attractive for photovoltaics, since they should allow good collection of electrons and holes from the two phases.
Unfortunately, however, it turns out to be very difficult to synthesize high-quality diblock copolymers based on the combination of accepting and donating conjugated polymers, particularly when low polydispersity is required to achieve well-defined nanostructures and high molecular weights are needed to achieve suitable sizes of nanostructure for efficient photovoltaic operation. Recently, Mulherin et al. [25] [25] . (Online version in colour.) materials known to give reasonable photovoltaic performance in blends [13] . The diblock is grown by first synthesizing well-defined P3HT with a Br terminating group. The polyfluorene is grown by Stille coupling, and the P3HT-Br is added as a macromolecular endcapper. The final material contained significant quantities of homopolymer PFTBTT, and purification proved challenging. Nevertheless, as shown in figure 5 , after annealing at 200 • C the surface of the films showed evidence consistent with a standing lamellar structure. This structure is attractive for photovoltaics, and the characteristic repeat length scale of 25 nm is in the correct range for efficient exciton dissociation. X-ray diffraction measurements showed P3HT crystalline coherence lengths of more than 60 nm corresponding to the direction perpendicular to the film surface. This implies that the order extends through a significant fraction of the film thickness.
The best device performance was achieved by adding more P3HT to the diblock/ homopolymer to make a blend containing roughly equal fractions of P3HT, PFTBTT and diblock. Here, the diblock acts as a 'compatibilizer' in the blend, and this approach can also lead to a nanostructure in which the characteristic dimension is thermodynamically controlled. It was found that device performance (and P3HT crystallinity) increased with annealing, at temperatures that would normally have caused gross phase separation in the blend. Overall device performance was modest, at around 1 per cent, but the efficiencies were comparable to blends made from the same homopolymers. Further progress is expected through increased molecular weight to increase the domain size, and through increased purity allowing the investigation of films free of homopolymer components. The fact that in ternary blends the diblock assembles at the interface between the other two phases may provide further benefits in the future, since it could provide a route to control the energy landscape at the interface between donor and acceptor homopolymers in a blend so as to promote charge separation and avoid recombination.
Beyond the Shockley-Queisser limit
We have discussed above the fundamental limit placed on the efficiency of single-junction solar cells by the trade-off between absorption and energy losses. The most widely used approach to circumvent this limit is to fabricate 'tandem' cells, where two or more cells with different bandgaps are stacked on top of each other and connected such that their voltages add in series. Each efficiently captures a portion of the spectrum and operates at a voltage that minimizes energy losses for the range of light absorbed. The stack must be carefully designed such that (i) each sub-cell produces the same current and (ii) energy losses do not occur as carriers arrive at the middle electrode in the device. Tandem cells are complex in structure, and therefore expensive, and so have found application mainly in concentrated photovoltaic systems.
An alternative but less well-developed approach is to attempt to use high-energy photons more efficiently within a single cell. This avoids the problems of current matching, and could provide devices that are simpler and easier to manufacture. The task is challenging, though, since the cell voltage is typically limited by the lowest set of electron and hole energy levels within a cell. To gain additional efficiency, it is necessary to generate more than one pair of carriers from high-energy photons. For photons with energies of more than twice the bandgap, creation of two electrons and two holes is energetically allowed, but in bulk semiconductors this process is forbidden since it does not conserve crystal momentum. In semiconductor nanoparticles, such as those mentioned above, k-conservation is relaxed and the process of generation of multiple excited states from a single photon becomes possible [31] . Spectroscopic measurements have revealed the generation of multiple excitons in a range of different nanoparticles, but it is only recently that the first evidence has emerged that these additional carriers can be extracted in a photovoltaic device [32] .
We have recently pursued an alternative approach based on the process of singlet exciton fission in organic semiconductors. Absorption of light in an organic molecule produces a singlet exciton, with total spin, S, of zero. It has been known for some time that a singlet state may, in principle, undergo a fission process to form two triplet (S = 1) states. This process is spin-allowed, and hence can potentially be fast and efficient [33] . In most organic molecules the triplet exciton has an energy of more than half that of the singlet exciton, so singlet fission is forbidden on energetic grounds. However, in a few materials such as the molecular semiconductor pentacene, the triplet energy lies below half the singlet energy, so singlet fission becomes possible. Rao, Wilson and co-workers have shown, using time-resolved spectroscopy measurements, that singlet fission in pentacene is extremely rapid, occurring on time scales of 80 fs [34] , and that the triplet excitons generated can diffuse to a planar interface with a fullerene where they may be dissociated [35] .
The utility of singlet fission in photovoltaics is not immediately obvious, since the absorption is set by the singlet energy but the cell voltage is limited by the triplet energy. Compared with a conventional cell with the same singlet bandgap the current (in the best case) is doubled, but the voltage is halved, so the power is unchanged. To achieve a gain in power, it is necessary to incorporate a second material that absorbs the low-energy photons and converts them into single electron-hole pairs, while the higher energy photons are absorbed in a material where singlet fission occurs This arrangement has been implemented by Ehrler et al. [26] using a layer of pentacene as the singlet-fission material, and a layer of PbS nanocrystals as the lowenergy absorber (figure 6). The band offsets at the interface must be carefully engineered such that (i) triplet excitons in the pentacene can undergo electron transfer to the nanoparticles and (ii) holes generated in the nanoparticles are transferred rapidly to the pentacene. Electrons and holes are then transported to the electrodes via the nanocrystal and pentacene layers, respectively. The quantum efficiency spectrum shows clear contributions from absorption both in the nanocrystals and in the pentacene. Since it is already known that singlet fission is very rapid in pentacene, the photocurrent arising from pentacene absorption must come from the dissociation of triplet excitons generated through singlet fission. These triplet excitons diffuse to the interface with the nanocrystals where electron transfer takes place, leaving a hole in the pentacene and an electron in the nanocrystal layer, each of which can then be transported to the respective electrode. Absorbtion in the nanocrystal layer leads directly to creation of an electron-hole pair, followed by hole transfer to the pentacene and extraction as before ( figure 6 ). The initial devices based on PbS nanocrystals had power conversion efficiencies of around 1 per cent, but recent progress The excited singlet state in the pentacene layer converts to two triplet states after about 80 fs. These triplets are dissociated at the pentacene/PbS nanocrystal (NC) interface. At the same time the PbS nanocrystals absorb the infrared part of the incident light. Adapted from Ehrler et al. [26] . (Online version in colour.).
has been made using PbSe nanoparticles, where the energetics of charge transfer can be carefully controlled through the particle size, allowing voltage losses to be minimized. Power conversion efficiencies in excess of 4 per cent have now been achieved, including a contribution from pentacene absorption. External quantum efficiencies are still below 100 per cent, whereas 200 per cent might be expected if perfect absorption, singlet fission and triplet state separation occurred. The current limits are expected to be overcome through optimization of optical and electrical structure of devices, combined with better understanding of triplet quenching mechanisms.
Conclusions
Organic photovoltaics, particularly those based on polymers that can be printed easily over large areas, have many attractive features. Efficiencies have improved rapidly, and major efforts are now being invested into scaling up production and improving device lifetime. However, the current low price of silicon solar cells makes market entry challenging, and more work is needed before the cost of electricity from organic solar cells is truly competitive. From a scientific point of view, organic photovoltaics provide an important motivation for research into molecular materials and their nanoscale properties, and scientific advances in these areas continue to feed back into improving device performance. In addition to the steady but important progress that can be achieved by optimization of chemical structure, nanomorphology and device design, the unique properties of organic semiconductors also offer the opportunity for unexpected advances, such as the devices exploiting exciton fission described above.
